Abstract The phytoplankton species Gymnodinium catenatum is responsible for major worldwide losses in aquaculture due to shellfish toxicity. On the West coast of the Iberian Peninsula, toxic blooms have been reported since the mid-1970s. While the recent geographical spread of this species into Australasia has been attributed to human-mediated introduction, its origin in the Northeast Atlantic is still under debate. Gymnodinium catenatum forms a highly resistant resting stage (cyst) that can be preserved in coastal sediments, building-up an historical record of the species. Similar cyst types (termed microreticulate) are produced by other non-toxic Gymnodinium species that often co-occur with G. catenatum. We analysed the cyst record of microreticulate species in dated sediment cores from the West Iberian shelf covering the past ca. 150 years. Three distinct morphotypes were identified on the basis of cyst diameter and paracingulum reticulation. These were attributed to G. catenatum (35.6-53.3 lm), G. nolleri (23.1-36.4 lm), and G. microreticulatum (20.5-34.3 lm).
Introduction
Over the past three decades, blooms of the dinoflagellate Gymnodinium catenatum Graham have caused paralytic shellfish poisoning (PSP) episodes along the West coast of the Iberian Peninsula (Portugal and Spain). PSP is one of a suite of human poisoning syndromes caused by ingestion of shellfish which have consumed toxic phytoplankton and it poses a serious health risk. Symptoms of PSP begin with numbness and tingling and can lead, in the most severe cases, to paralysis and death (Clark et al. 1999) . Monitoring programs have been established in both countries to detect nuisance species in the plankton and assess biotoxin levels in shellfish. When toxicity is detected, harvesting and commercialization of shellfish is interrupted, with large economic losses to the sector. The impact of such closures is particularly severe in the Galician Rias Baixas, the major producer of mussels in Europe and one of the largest in the world (e.g. Smaal 2002) .
Gymnodinium catenatum, an unarmoured chainforming photoautotrophic dinoflagellate, was first described from the Gulf of California, Mexico, in 1939 (Graham 1943) . The species remained virtually unheard of until the 1970s when toxicity outbreaks started being reported around the world. Presently, G. catenatum occurs discontinuously in both hemispheres and it causes toxicity problems in several countries including Portugal and Spain (NE Atlantic and W Mediterranean Sea), Argentina and Uruguay (SW Atlantic), Mexico and Costa Rica (NE Pacific), Japan (NW Pacific), Australia and New Zealand (SW Pacific) (Bolch and de Salas 2007 and references therein) . Awareness of the harmful algal bloom (HAB) problem has increased dramatically over the last few decades, and the apparent geographical spread of this species is a matter of concern. There is strong evidence that G. catenatum has been recently introduced to Tasmania via cargo ship's ballast water (Hallegraeff and Bolch 1992; McMinn et al. 1997) . However, its European origin remains unclear.
The first toxic bloom of G. catenatum in the Northeast Atlantic was detected off Galicia in 1976 (Estrada et al. 1984) . Five years later, the species was found off SW Portugal (Estrada 1995) . The first bloom in Portuguese waters was reported in 1985, followed by 5 years of recurrent outbreaks (Moita 1993) . Amorim and Dale (2006) suggested a recent introduction of G. catenatum to the NE Atlantic, possibly via trans-oceanic transport of viable cysts in ballast tanks. This work received some criticism for not presenting quantitative data on other microreticulate cyst species co-occurring with G. catenatum and for not considering alternative hypothesis (Smayda 2007) . In the Mediterranean, G. catenatum is considered an invasive species and its presence is attributed to a geographical expansion from the Atlantic across the Strait of Gilbraltar (e.g. Illoul et al. 2005) . It was first recorded in the Alboran Sea in 1986 (Bravo et al. 1990; Illoul et al. 2005) , and spread along the southern basin of the Mediterranean Sea (Gómez 2003) into Algeria (Illoul et al. 2005) and Tunisia (Dammak-Zouari et al. 2009 ). In a recent review of phytoplankton invasions in European Seas, Gómez (2008) suggested that pending further evidence G. catentaum should be categorized as cryptogenic (i.e. of unknown origin).
An important feature in the life-cycle of G. catenatum is the formation of a non-motile resting stage, also termed resting cyst . The motile cells divide by mitosis while resting cysts are a result of sexual reproduction. In fact, this species has a rather complex and flexible sexual cycle (Figueroa et al. 2008 ). Contrary to the motile stage, the cyst of G. catenatum is resistant to degradation and can be preserved in sediments. Thus, the sedimentary record can provide a ''window'' into the past biogeography of the species. G. catenatum forms spherical brown cysts with a microreticulate pattern of polygons covering the surface (Fig. 1) .
When first described , the microreticulate cyst type was believed to be unique for G. catenatum. However, since then, it has been shown that the formation of a microreticulate cyst is not exclusive to this species. Microreticulate cysts are also produced by Gymnodinium nolleri Ellegaard et Moestrup (Ellegaard et al. 1988; Ellegaard and Moestrup 1999) and Gymnodinium microreticulatum Bolch et Hallegraeff (Bolch et al. 1999a) , and a fourth microreticulate cyst-forming species, G. trapeziforme Attaran-Fariman and Bolch, has been described from the coast of Iran (Attaran-Fariman et al. 2007) . Of these four closely-related species, only G. catenatum is known to produce toxins. The cysts of G. microreticulatum (17-29 lm) and G. nolleri (25-40 lm) are generally smaller than that of G. catenatum (36-62 lm) but sizes overlap to a certain extent (Bolch and Reynolds 2002) . Species identification based on cyst morphology is challenging within this group, as only a combination of size and minute details regarding cyst ornamentation allow for correct identification. On the West Iberian coast, G. catenatum cooccurs with G. microreticulatum (Amorim et al. 2002) , and the presence of G. nolleri has been suggested by cyst studies (Blanco 1989; Bravo and Ramilo 1999; Amorim et al. 2002) and recently confirmed by molecular identification (Penna et al. 2010) .
Here we present results from sediment cores dating back to ca. 1860, recovered from three areas along the West Iberian shelf. The aim of this work was two-fold: to resolve the cyst record of G. catenatum from that of other co-occurring microreticulate cysts, and to reconstruct the history of the species in the NE Atlantic. More generally, we aimed at providing new historical evidence to help clarify the biogeography of G. catenatum.
Materials and methods

Sediment cores and chronology
Sediment core samples were collected from three areas following a latitudinal gradient along the West Iberian shelf: Mira, Lis, and Douro (Fig. 2) . Sediment cores were collected with an Oktopus 50 9 50 cm box corer in April 2002 on board R/V Poseidon (Monteiro et al. 2002) . Box corers are suitable for the collection of undisturbed sediments, owing to the minimal impact and sediment compaction that results from coring with these devices. Once on the deck, sub-cores were obtained from each box core sample by pressing PVC tubes into the sediment. Each sub-core was then sliced at 1 cm intervals and refrigerated in the dark. The length of the sub-cores used for dinoflagellate cyst analyses were 24 cm (Mira), 33 cm (Lis), and 18 cm (Douro). Grain-size and geochemical analyses of the cores (organic carbon, major and trace elements, heavy metals, etc.) are detailed in Mil-Homens (2006) and Mil-Homens et al. (2006 , 2008 .
The geochronology of the sediments was determined on the basis of 210 Pb activity measurements on 12 levels and 226 Ra measurements on 3 levels downcore . The 210 Pb measurements were carried out at the Laboratory of Royal Netherlands Institute for Sea Research (NIOZ) with a-spectrometry on oven-dried and ground sediment following the total digestion method of van Weering et al. (2002) , and the 226 Ra measurements were obtained with c-spectrometry. The Constant Initial Concentration (CIC) model (Robbins and Edgington 1975) Anderson et al. (1988) Reconstructing the history of an invasion 971 assumed that the mixed surface layer includes newlyformed and re-worked dinoflagellate cysts. Assuming an age zero for the bottom of the mixed layer, the time off-set would be 18 years for the Mira core chronology, 8 years for the Lis core chronology, and 14 years for the Douro. Estimated sediment accumulation rates (which account for sediment compaction) were 2.2 ± 0.11 kg m -2 year -1 for the Lis and Mira cores, and 4.2 ± 0.35 kg m -2 year -1 for the northernmost core (Douro). Standard errors on the chronologies were calculated on the basis of the standard errors on the slope of the regressions. The age-models for the three box-cores are presented in Fig. 3 .
As the Douro box-core record only covered a time span of about 50 years (Fig. 3a) , it was complemented with samples from the upper section of a 562 cm-long gravity core collected on the same site (Table 1) , with an estimated sedimentation rate of 0.55 cm year -1 . The age model for the spliced sequence composed by the Douro box-and gravity cores was derived from 210 Pb-geochronology, correlation of the magnetic susceptibility record to other dated records from the same area, and three Accelerator Mass Spectrometry (AMS) 14 C dates corrected for a reservoir age offset of 400 years (Abrantes et al. 2005 ) and converted to calendar years with the INTCAL04 data set (Reimer et al. 2004 In total, 70 sediment samples were analysed for organic-walled dinoflagellate cysts. The Mira and Lis cores were studied at 1 cm-resolution (24 and 33 samples, respectively), and 13 samples were studied for the Douro. Between 2 and 4 cm 3 (1.09-7.16 g) of dry sediment were prepared at the UMR EPOC laboratory (University of Bordeaux, France), following a protocol adapted from de Vernal et al. (1996) . Sediments were sieved through 150 lm meshes and chemically treated for dissolution of carbonates (with 10, 20% and a few drops of 50% cold HCl, J-L Turon Pers. Comm.), and silicates (with 40 and 70% cold HF). Acetolysis was not employed, to avoid damaging sensitive cysts. The final residue was sieved through 10 lm nylon meshes and mounted on microscope slides with glycerine-jelly coloured with fuchsine. Lycopodium spore tablets were added to each sample before treatment and the marker-grain method (Stockmarr 1971 ) was used to determine cyst concentrations. At least 300 dinoflagellate cysts were counted for each sample (Mertens et al. 2009 ). Only entire cysts or partially fragmented cysts having more than half of the cyst wall intact were counted. Additionally, the presence of microreticulate cyst fragments was noted. Slides were examined with an Olympus BH-2 light microscope using differential interference contrast illumination.
The diameter of intact microreticulate cysts was measured with a precision of 0.01 lm using an Olympus DP72 digital camera mounted on an Olympus BX51 microscope with the Cell F software (Olympus). Size distribution classes were defined at 2.00 lm intervals.
Light microscopy photographs were taken with an Olympus DP72 digital camera. For scanning electron microscopy (SEM), 3 ml of organic residue previously subjected to the acid treatment described above were gently centrifuged for 5 min (1000xg), injected into SEM filter-holders with a syringe, rinsed with distilled water for 30 min, dehydrated in a graded ethanol series (30-100% in 7 steps), and critical-point dried using CO 2 (CPD Bal-Tec 030). The filters were then mounted on aluminium stubs with carbon stickers, sputter coated with platinum/palladium for 90 s (JEOL JFC-2300 HR), and examined with a scanning electron microscope JEOL 6330F (JEOL, Tokyo, Japan).
Results
Cyst size distribution
The size distribution of microreticulate cysts from the three study areas was bi-modal ( Fig. 4a-c) . Two distinct groups could be identified: a group of smaller cysts measuring 20-35 lm, and a group of larger cysts measuring 36-55 lm. Cysts from the Douro area (n = 169) occupied the broadest size range (Fig. 4a) . The size distribution of small cysts from this area peaked at 28-29 lm, whereas the most frequent size for the larger group was 42-43 lm (Fig. 4a) . Cysts from Lis (n = 59) fell into two distinct size groups, with no overlap (see gap corresponding to size class 34-35 lm in Fig. 4b ). Cysts from the Mira area (n = 109) had the narrowest size range (Fig. 4c) . Frequencies above 10% were obtained for Mira cysts measuring 26-31 lm, and 40-41 lm (Fig. 4c) . The smallest cysts (20-21 lm) were most abundant in Lis sediments ( Fig. 4b ) and absent from Mira, whereas the largest cysts measured 52-55 lm and were exclusively found in the Douro area (Fig. 4a) . The size distribution of all cysts (n = 337) was bi-modal, with a first peak at 28-29 lm and a second peak at 40-41 lm (Fig. 4d) . The mean frequency of each size class is shown because it takes into account differences in number of cysts measured per area (Fig. 4d) . Cyst morphology and species identification Detailed observations of the cyst morphology using light and scanning electron microscopy revealed the presence of three different morphotypes. All cysts larger than 37 lm were identified as G. catenatum . These cysts had a paracingulum area containing more than 4 inner rows of paravesicles (Figs. 1, 5a-d) . The paravesicles in the paracingulum were not visibly larger than elsewhere on the cyst wall. When visible, the archeopyle (i.e. cyst opening) was oriented parallel to the paracingulum. Cysts from Lis and Mira belonging to the size class 36-37 lm were also confirmed to be G. catenatum. However, for the Douro area, a few microreticulate cysts measuring 36-37 lm were identified as G. nolleri (see below), and this size class was thus considered as overlap (grey bars in Fig. 4a, d ).
Overall, G. catenatum cysts ranged 35.6-53.3 lm (n = 94). Two different morphotypes of smaller cysts were observed. These included a cyst type measuring 23.1-36.4 lm (n = 52), with a paracingulum usually containing only 2-3 inner rows of relatively larger paravesicles ( Fig. 5e-g ). When visible, the archeopyle was parallel to the paracingulum. This cyst type is attributable to G. nolleri, although with a slightly smaller size range (23-36 lm) than that reported in the original description of the species which was based on Scandinavian specimens (28-38 lm, Ellegaard and Moestrup 1999) . The presence of G. nolleri in NW Iberia has recently been confirmed by molecular methods (Penna et al. 2010) .
The third morphotype was rare and measured 20.5-34.3 lm (n = 21). It was identified as G. microreticulatum, previously confirmed to occur on the Portuguese coast by germination experiments (Amorim et al. 2002) . Although overlapping in size, this cyst type can be distinguished from G. nolleri by having a paracingulum area with more than 4 inner rows of paravesicles (Fig. 5h) . Compared to G. catenatum, G. microreticulatum cysts are considerably smaller and the paracingulum area occupies a larger fraction of the cyst than in G. catenatum, as noted by Bolch et al. (1999a) and Bolch and Reynolds (2002) .
Following the criteria presented in Fig. 6 , it was possible to clearly distinguish between G. catenatum cysts and the small microreticulate morphotypes. Although cysts between 36 and 37 lm could potentially be large G. nolleri or small G. catenatum (Figs. 4, 6) , this size class represented less than 3% of all cysts found, and the paracingulum was visible in most cases. Therefore, the contribution of unidentifiable G. catenatum was negligible. As for the other two cyst types, their size ranges overlapped to a very large extent, and the paracingulum was not always visible. Therefore, the cyst record of small microreticulate cysts will be presented and discussed together.
Cyst record of G. catenatum
The G. catenatum cyst profiles obtained from relative abundances (percentage relative to the whole organicwalled dinoflagellate cyst assemblage) and cyst concentrations (number of cysts per gram of dry sediment) showed a similar variation through time (Fig. 7a-c) .
During the last ca. 150 years, this species accounted for less than 10% of the Mira dinoflagellate cyst assemblages, 2% of the Lis, and 8% of the Douro assemblages. Maximum estimated concentrations of G. catenatum cysts were 1,035 cysts g -1 for the Mira, 4,190 cysts g -1 for the Lis, and 3,420 cysts g -1 for the Douro samples (Fig. 7a-c) .
No cysts of G. catenatum were detected in the Mira sediments before 1889 ± 10 (arrow in Fig. 7a ). After its appearance in the record there was a slight increase in relative abundance and cyst concentrations, but G. catenatum represented less than 2% of the assemblages until the beginning of the 1950s. This was interrupted by a short period of higher concentrations around 1920 (Fig. 7a) . After 1950, relative abundances and cyst concentrations increased four to fivefold, peaking in the late 1960s (1969 ± 3) (Fig. 7a) . After the mid 1970s, percentages decreased to 2-4%, with concentrations varying around 300-350 cysts g -1 dry sediment (Fig. 7a ). In the Lis area, G. catenatum became established as part of the dinoflagellate cyst assemblages at 1933 ± 3 (arrow in Fig. 7b ). The species was found in two samples dating back to 1863 ± 7 and 1869 ± 7. However, these samples had a lower Al content indicating coarser material (Mil-Homens et al. 2008 ) possibly due to high energy episodes that might have disturbed the sediment. Taking that into account, and the fact that G. catenatum cysts were not found in any of the 11 samples covering the period 1870-1930, we assume 1925 ± 4-1933 ± 3 as the most unequivocal interval for the appearance and establishment of the species in the Lis area (dotted line on Fig. 7b) . Two distinct phases could be identified: a first phase from the 1930s to the 1950s, characterized by lower abundances (0.3-0.6%) and concentrations below 1,600 cysts g -1 ; and a second phase of higher relative abundances (although representing only 1% of the assemblages, in average) and G. catenatum cyst concentrations up to 4,190 cysts g -1 (Fig. 7b) . In the Douro, G. catenatum was first detected at a core depth dated to 1951 ± 4 (arrow on Fig. 7c) . The species remained relatively rare (\1%) until the late 1960s, followed by a ten-fold increase after 1970 in relative abundance (0.7-7.5%) and cyst concentration (*350-3,400 g -1 ) (Fig. 7c) .
Estimated cyst concentrations for the topmost samples of the cores were 350 G. catenatum cysts g -1 for Mira, *1,300 cysts g -1 for Lis, and *1,500 cysts g -1 for the Douro core (Fig. 7a-c) . These represent background values in surface sediments at the time of core collection (2002).
Cyst record of small microreticulate cysts Contrary to G. catenatum, the cyst record revealed that the two cyst types attributable to the non-toxic species G. nolleri and G. microreticulatum have been present along the West Iberian coast throughout the entire study period (i.e. since about 1860) (Fig. 7d-f ). In the Lis area, however, these two morphotypes were not detected in sediments dated to before the 1910s, except for one occurrence at 1863 ± 7 potentially related to sediment disturbance (Fig. 7e) . During the past ca. 150 years, small microreticulate cysts have accounted for less than 5% (mean = 2%) of the total organic-walled dinoflagellate cyst assemblages in Mira, and less than 1.5% of the Lis assemblages. However, the concentrations of small microreticulate cysts were higher for the Lis core than for the Mira record (maximum of 4,000 and 700 cysts g -1 , respectively) (Fig. 7 d, e) . These morphotypes were clearly most abundant in the Douro record, where they reached more than 20% of the cyst assemblages dated 
Inner rows of paravesicles in the paracingulum 36-37 (µm) Fig. 6 The criteria used to identify microreticulate cyst species in this study to the early 1950s and the mid-1960s (peaks in Fig. 7f ). Cyst concentrations in the northernmost area varied between 250 and 23,650 cysts g -1 (Fig. 7f) .
While the G. catenatum Mira record showed a marked increase in cyst abundances after the 1950s, the opposite trend is revealed for G. microreticulatum (Cysts g -1 ) (Cysts g -1 ) Fig. 7 Cyst record of G. catenatum (a-c) and G. nolleri ? G. microreticulatum (d-f). Relative abundances and cyst concentrations are presented for each of the three areas: Mira (a, d), Lis (b, e), and Douro (c, f). Cyst percentages (or relative abundances) are relative to the whole organic-walled dinoflagellate cyst assemblages. Cyst concentrations were estimated per gram of dry sediment, using the marker-grain method (Stockmarr 1971) . The sample in the grey box from the Mira (a, d) is attributed to bioturbation ). The appearance of microreticulate cysts in the samples covered by the grey box in the Lis record (b, e) is considered an artefact, perhaps resulting from sediment re-working (see ''Results''). The arrows in a-c indicate the first record of G. catenatum cysts leading to establishment of the species in each area, and the dotted lines indicate the time interval during which the species is expected to have appeared
Reconstructing the history of an invasion 977 and G. nolleri, which decreased markedly after the 1960s (Fig. 7a, d ). Small microreticulate cysts from the Mira had peak abundances dated to 1896 ± 9 and 1958 ± 4, fluctuating around 2% in between these peaks (Fig. 7d) . The opposite trend inferred from the Mira record is yet more evident for the Douro core, where maximum abundances of the small morphotypes corresponded to the period of minimum G. catenatum cyst abundances (period from about 1920-1970, Fig. 7c, f) . Small microreticulate cysts in the Lis core were generally more abundant during the interval 1930-1950, but the highest cyst concentrations were dated to around 1946 and 1993 (Fig. 7e) .
Discussion
Microreticulate cysts from the West coast of the Iberian Peninsula
The cyst record of G. catenatum is prone to misinterpretations in areas where other microreticulate cystforming species are present. Therefore, an essential first step of our study was to identify and distinguish different microreticulate cyst types. The most important criteria used for discerning the three species are summarized in Fig. 6 , and result from both our measurements and observations, and the work by Bolch and Reynolds (2002) . Contrary to these authors, we found cyst colour to be rather variable within the same species and not a reliable criterion (e.g. G. catenatum cysts varied from dark brown to light amber). Colour changes might be a result of the palynological treatment with HCl and HF . A group of larger cysts was identified as G. catenatum (35.6-53.3 lm), and two smaller cyst morphotypes, with a broad size overlap, were attributed to G. microreticulatum (20.5-34.3 lm) and G. nolleri (23.1-36.4 lm). These could only be distinguished with certainty when the paracingulum area was visible (Figs. 1, 5, 6 ).
The frequency of cysts measuring\23 lm (Fig. 4 ) suggests that G. microreticulatum is more abundant in the Lis and Mira areas than in the northernmost site (Douro). The presence of G. microreticulatum in the NE Atlantic was confirmed by Amorim et al. (2002) , who germinated viable cysts collected from the Port of Sines (just a few km north of the Mira site). These authors collected surface sediment samples from shallow environments along the Portuguese coast, as well as from the NW continental shelf, and found G. catenatum cysts to be more abundant inshore, whereas small microreticulate cysts occurred mostly in offshore sediments (Amorim et al. 2002) . As shown here, peak abundances of G. catenatum during the last 150 years (particularly in the Douro area) correspond to time periods of minimum abundances of small microreticulate cysts and vice versa. It remains to be verified if G. catenatum is favoured by different environmental conditions than those required by the other microreticulate cyst-forming species occurring off West Iberia or, alternatively, if G. catenatum has gained competitive advantage over these.
The cyst type attributed to G. nolleri corresponds to that reported for the Galician-Portuguese shelf by Blanco (1989) , Bravo and Ramilo (1999) , and also referred by Amorim et al. (2002) . Motile cells of G. nolleri have never been reported in plankton samples, but the species has been identified by a PCR-based assay on a sediment trap sample collected off NW Iberia (Penna et al. 2010 ). Very little is known about the Iberian ecotypes of G. nolleri and G. microreticulatum, and at this stage we cannot disregard the possibility that there might be other species forming small microreticulate cysts in West Iberia. Motile cells morphologically resembling G. nolleri but genetically closer to G. microreticulatum have been found in Japanese coastal waters (Iwataki et al. 2006) , as well as a presumably new cyst type . This suggests that the species diversity within the microreticulate cyst-forming group has not yet been fully described.
Cyst record of G. catenatum
The earliest detection of unequivocal G. catenatum cysts was dated to 1889 ± 10 for the southernmost core (Mira), 1933 ± 3 for the sediment core collected off central Portugal (Lis), and 1951 ± 4 for the northernmost core (Douro). The fact that in this study G. catenatum cysts were absent from sediments older than 1889 ± 10 is in agreement with data from the Tagus prodelta were no G. catenatum cysts were found before ca. 1898 (Dale et al. 2005; Amorim and Dale 2006) . The species was also absent from a sediment record from the Ria de Muros (NW Iberia) covering the time interval from 500 to 8,000 BP (years before present) (Marret et al. 2008; F. Marret Pers. Comm.) .
There is no indication that the cyst record of G. catenatum is affected by preservation issues. Microreticulate cysts are not particularly sensitive to degradation or decay, and have been recorded in sediments estimated to be several hundred to several thousand years-old (Mudie et al. 2002; Matsuoka et al. 2006; Flores-Trujillo et al. 2009; Holzwarth et al. 2010b) . Sedimentation rates were high for the three study areas and the organic carbon content of the sediments did not decrease with depth (Mil-Homens 2006) , indicating stable preservation conditions throughout the studied time period. The historical biogeography of G. catenatum as inferred from these West Iberian cyst records indicates that the species is new to the Northeast Atlantic, where it arrived by the late nineteenth century.
The invasion pathway: arrival, establishment, expansion, and impact
The arrival and establishment of an organism into a new area can be defined as a biological invasion, regardless of it being natural or a result of human action, providing it causes harmful or nuisance effects (e.g. Lockwood et al. 2007) . Individuals arriving to a new area must establish a new self-sustaining population before they can grow in abundance and further extend their geographic range. Typically, it is only after the non-native population becomes widespread and abundant that it will cause some nuisance and thus be detected. The timing for each of the main stages in the invasion process of G. catenatum on the West Iberian coast (arrival, establishment, expansion, impact-adapted from the model presented in Lockwood et al. 2007 ) can be estimated on the basis of sediment cyst records and toxic bloom reports (Fig. 8) . After its arrival to the SW Portuguese coast at about 1890, the species became established and expanded its geographic range. Interestingly, the detection of G. catenatum cysts follows a clear gradient: 1889 ± 10 Mira, ca. 1898 Tagus, 1933 ± 3 Lis, and 1951 ± 4 Douro (Fig. 8) , indicating a northwards expansion along the Iberian coast. The estimated delay of about 30 years between the establishment of the species in the SW (Mira and Tagus) and NW (Lis and Douro) Portuguese shelf is likely due to oceanographic constrains near the Estremadura Promontory (a large protrusion of land) (Fig. 2) . Highly unstable oceanographic structures such as jets, eddies, upwelling filaments, and internal waves are known to develop near this promontory (Relvas et al. 2007 ) and upwelling plumes promote the retention of G. catenatum cells in the southern side of the promontory and towards the coast (Moita et al. 2003) . These features might have delayed the advection of G. catenatum planktonic cells or resting cysts to the NW Iberian shelf.
At least 75 years elapsed between the estimated time of appearance of G. catenatum in the southernmost core (i.e. 1889 ± 10) and the first detection of a toxic bloom off Galicia (1976; Estrada et al. 1984) . The cyst record also indicates a delay between the increase in G. catenatum cysts deposited in shelf sediments (in the 1950s for Mira and Lis and in the 1970s for the Douro core) and the occurrence of planktonic blooms (which started in 1976 but only became recurrent between 1985 and 1995) (Moita 1993; Moita et al. 1998; Sordo et al. 2001) . The same pattern has been reported for Tasmania and New Zealand, where the cyst bed indicates ''benthic blooms'' long before the species is detected in the plankton (McMinn et al. 1997; Irwin et al. 2003) . After nearly a decade without significant G. catenatum blooms off NW Iberia, these became recurrent again in 2005 (Artigas et al. 2008; Moita and Amorim 2009 ). Due to their high impact and unpredictability much research has focused on understanding the conditions favouring these outbreaks.
The West Iberian coast is located at the northern limit of the Eastern Atlantic Upwelling System, one of the most productive areas in the world. Upwelling occurs when northern winds prevail, displacing surface waters offshore, leading to entrainment of cold and nutrient-rich waters near the coast. Blooms of G. catenatum have been related to upwelling relaxation (by wind reversal) (Fraga et al. 1988 ) and downwelling (advection of offshore waters near the coast) (Tilstone et al. 1994) . The reversal of the wind regime from a northerly to a southerly component generates a northward flow of warm saline waters along the west coast of the Iberian Peninsula (Relvas et al. 2007 and references therein). Sordo et al. (2001) analyzed satellite images from several years when significant toxic blooms occurred off NW Iberia (1986 Iberia ( -1998 and detected an inshore northward current transporting warm waters from the Portuguese coast to the outer part of the Galician Rias Baixas at the end of the upwelling season. The authors suggest that toxic blooms off Galicia originate from planktonic populations transported northwards by this current (Sordo et al. 2001) . On the West coast of the Iberian Peninsula, the initiation and development of blooms of G. catenatum appear not to be dependent on a benthic cyst bed, but are rather determined by environmental constrains on the motile planktonic stage (Moita and Amorim 2001; Amorim et al. 2004; Ribeiro and Amorim 2008; Artigas et al. 2008; Figueroa et al. 2008; Bravo et al. 2010) . However, data from the cyst record presented here, suggest that resting stages may have played a major role for the establishment and geographical spread of G. catenatum, allowing the species to cross natural distribution barriers to the planktonic stage.
The origin of G. catenatum: human-mediated transport or ''out of Africa'' northwards expansion?
Considering that G. catenatum is an invasive species in the NE Atlantic, a challenging but central question arises: where did it come from? A few hypotheses have been proposed to explain the origin of G. catenatum in Europe, including migration from Moroccan waters (Wyatt 1992; Blackburn et al. 2001) , and transport from Argentina by Spanish fishing vessels in the 1970s (Wyatt 1992). However, it was not until 2006 that Amorim and Dale established the first appearance of the species in the Tagus prodelta (off Lisbon) at the turn of the nineteenth century (ca. 1898), and proposed that it could have been introduced by transport of viable cysts in ballast tanks.
Shipping is the major vector for invasive aquatic species worldwide (Carlton and Geller 1993) and has been shown to be an effective vector for the introduction of G. catenatum into new areas (Hallegraeff and Bolch 1992; McMinn et al. 1997) . Ballast water started being used globally by the 1870s-1880s, accompanying the transition from sailing wooden ships to faster steam-powered ships, but solid ballast including sand was in common use as early as the 1700s (Carlton 2011) . Sediments from coastal areas used as ballast could have dispersed dinoflagellate cysts across the globe. Even though sail ships had much longer travelling times due to their reduced speed, the potential of solid ballast having acted as an important vector should be evaluated considering that Fig. 8 Invasion pathway of G. catenatum in West Iberia, depicting the estimated time and location of arrival and establishment, northwards expansion of the species, and first toxic bloom reported (impact/human perception).
a Estimate from the cyst record of microreticulate cysts in the Tagus prodelta (Amorim and Dale 2006). b Date of the first toxic bloom reported in the NE Atlantic (Estrada et al. 1984) dinoflagellate resting cysts can survive in anoxic sediments for several decades (McQuoid et al. 2002) and up to a century (Ribeiro et al. 2011) .
At the time of the estimated first appearance of G. catenatum off W Iberia, the port of Lisbon was part of the major transport pathways in international shipping (Lockwood et al. 2007) . As the port of Lisbon was the only deep harbour in Portugal receiving large ships from other continents, one would expect G. catenatum cysts to appear first in the Tagus prodelta, if shipping was the vector of introduction. Instead, the estimated chronologies for the Mira and Tagus cores suggest that the species appeared first in the Mira, located more than 100 km south of Lisbon. The main port in the Mira area (port of Sines) was used mainly to transport agricultural products, cork, and minerals from extraction mines (Mn and Fe) to larger national ports (Quaresma 2003) and was not likely to receive G. catenatum from other continents. The estimated age interval for the appearance of G. catenatum in the Mira core (1889 ± 10) includes 1898 (the estimated time of appearance of the species in the Tagus prodelta core). Thus, the introduction of G. catenatum in the Lisbon area via shipping cannot be excluded as a possible route. However, the northward expansion pattern inferred from the cyst record justifies considering the alternative (and perhaps more parsimonious) hypothesis of natural range expansion from NW Africa.
If G. catenatum in the NE Atlantic originates from the NW African coast, the species should be present in cyst records from that area dating to before the late nineteenth century. Cysts of G. catenatum have been found in surface sediments collected between 20-32°N off the West African coast (Targarona et al. 1999; Warnaar 2000; Holzwarth et al. 2010a ). The age of those sediments is estimated to be between 130 and 340 years (Holzwarth et al. 2010a ) and between 100 and 500 years (Targarona et al. 1999; Warnaar 2000) , depending on the sedimentation rate at each site. Cysts of G. catenatum were also registered in the whole extension of two sediment cores collected off NW Africa (in the Canary Basin) covering the periods 47,000-3,000 BP (years before present) (Holzwarth et al. 2010b ) and ca. the last 7,000 years (Warnaar 2000). In the above-mentioned NW Africa records, cysts of G. catenatum co-occurred with a smaller cyst morphotype attributed to G. nolleri. Size was the main character used for distinguishing cysts of G. catenatum from those attributed to G. nolleri by Holzwarth et al. (2010a, b) and the authors noticed some cyst swelling due to the palynological treatment (U. Holzwarth, pers. comm.) . Thus, G. catenatum abundances were likely overestimated (G. nolleri being misidentified as G. catenatum). We confirmed the presence of G. catenatum in the topmost sample of the core studied by Holzwarth et al. (2010b) (dated to 3,000 years BP) by details of the microreticulation pattern, although the G. nolleri-type is by far more abundant. The identity of G. catenatum cysts from the same area had been confirmed previously by scanning electron microscopy (Targarona et al. 1999; Warnaar 2000) . These studies indicate that G. catenatum was present in NW Africa long before its appearance in W Iberia.
Worldwide, G. catenatum occurs mainly in temperate to sub-tropical areas and it may bloom at seasurface temperatures up to 26°C (Band-Schmidt et al. 2010) . The cyst record presented here starts at the end of the Little Ice Age, and a northwards expansion of the species from NW Africa to W Iberia in the late nineteenth century may be linked to warming of the NE Atlantic. Global average instrumental atmospheric temperature records indicate a 0.6°C warming since 1861 (Jones et al. 1999) , while reconstructed and instrumental sea surface temperatures for the West Iberian shelf show a clear warming trend since the 1850s, and a 1°C increase since the end of the nineteenth century (Bartels-Jónsdóttir et al. 2009 ). The northwards expansion of fish species in the NE Atlantic is well documented (e.g. Cabral et al. 2001) and some plankton species moved their ranges northwards more than 1,000 km during the last 50 years (Beaugrand et al. 2002) .
The influence of long-term sea-surface warming in the evolution of the Iberian upwelling system is not yet fully understood. Although a general weakening trend in the intensity of upwelling over the past 3-4 decades has been reported (Pérez et al. 2010; Pardo et al. 2011) , mesoscale decadal changes show a high spatial variability (Relvas et al. 2009 ). Upwelling weakening has been associated with increased water stability in inner shelf areas of NW Iberia, favouring the residence time of coastal waters and their enrichment from terrestrial sources (Pérez et al. 2010 ). According to these authors, changes in coastal upwelling have led to a shift in the dominance of phytoplankton groups, favouring the proliferation of HAB species. The NW shelf sector of the Iberian Peninsula is wide and largely influenced by river discharge, as opposed to the SW shelf sector where river input is much reduced and the shelf narrower. Spatial heterogeneities in upwelling intensity, nutrient availability, and water-column stability might explain why G. catenatum was first reported to bloom in the Galician Rias and not further south. Bolch and de Salas (2007) proposed a ''total evidence'' approach to link a suspected invasive species with a source population, although assuming that definite proof is impossible. Total evidence should integrate historical distribution records, sediment dating studies, and analyses on living material (toxicity, mating, and molecular studies). Gathering convincing evidence for the Australasian introduction of G. catenatum in the 1970s was rather challenging (the direction of transfer and donor population cannot be definitely proven, Bolch and de Salas 2007) . It is certainly even more difficult to provide total evidence for a dispersal happening more than a century ago. Highly-resolved cyst records from near shore locations in the Gulf of Cadiz and the Mediterranean might help clarify the past biogeography of G. catenatum in Europe. Studies on living material from NW Africa may prove useful to address some of the unanswered questions regarding the origin and dispersal of the species at a broader scale, as strains from this area have not been previously incorporated in global comparison studies (Bolch et al. 1999b; Blackburn et al. 2001; Bolch and Reynolds 2002) .
At this stage, G. catenatum can be considered an invasive species in the NE Atlantic, but remains cryptovectic (the vector for its dispersal is presently unresolved, Carlton and Ruiz 2005) .
